H ead and neck squamous cell carcinoma (HNSCC) represents a diverse group of malignant neoplasms with varying clinical presentations. 1 The treatment paradigm for HNSCC has evolved during the past 2 decades, with increased use of chemoradiotherapy for stage III and stage IV disease in the oropharynx and in the larynx. 2 Nevertheless, radical salvage surgery remains the standard criterion for patients who failed nonsurgical therapies. 3 Despite advancements in surgical techniques, local recurrence rates after salvage surgery continue to be problematic. 4 These recurrences are a major cause of treatment failure (>50%), followed by the development of distant metastases and the occurrence of second primary cancers. 5 Hence, there is an immediate need to develop local intraoperative adjuvant treatment strategies to improve outcomes in these patients. Photodynamic therapy (PDT) is a minimally invasive treatment that involves localized photoactivation of a drug that generates cytotoxic reactive oxygen species, resulting in direct damage to tumor cells. 6, 7 A schematic illustration of the PDT process is shown in Figure 1 . ), followed by activation with 665-nm laser light in the surgical bed immediately after tumor resection.
in Barrett esophagus, and early-stage and advanced-stage endobronchial cancer. 9, 10 Clinical studies [10] [11] [12] [13] have also highlighted the potential usefulness of PDT in the management of head and neck cancer. While porfimer sodium-mediated PDT is effective, the persistence of the photosensitizer in skin necessitates protection of patients from sunlight and other sources of bright light for long periods (up to 90 days). Another limitation is that its longest absorption peak is 630 nm, and this interferes with tissue light penetration as a result of absorption by hemoglobin. Given the prolonged and sometimes severe cutaneous phototoxic effects associated with the use of porfimer sodium, there has been widespread interest in the development of newer photosensitizers with more favorable photophysical and pharmacokinetic properties. 14 The chlorin-based compound 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a (HPPH), developed at Roswell Park Cancer Institute (RPCI), is one such sensitizer that has been shown to exhibit potent antitumor activity in several experimental tumor models. 15 Phase 1 and phase 2 studies 16, 17 conducted in patients with lung and esophageal cancer have also revealed good response rates. It has been shown at RPCI that HPPH at clinically effective antitumor doses is associated with significantly reduced cutaneous photosensitivity that rapidly declines during several days. 18 In this phase 1 study, the primary objectives were to determine the safety of intraoperative adjuvant HPPH-mediated PDT immediately following tumor resection and to determine the highest laser light dose that can be safely used in patients with HNSCC.
Methods

Patients
This was a single-institution phase 1 clinical study in patients with primary or recurrent histologically confirmed HNSCC. All patients were deemed treatable and had surgically resectable tumors. We studied the safety profile of HPPH-mediated PDT by treating the operative field before wound closure. Therefore, broad enrollment criteria were allowed to include a heterogeneous sample population. The study was performed at RPCI between November 28, 2006, and October 28, 2011. The protocol was approved by the RPCI Institutional Review Board and was overseen by the RPCI Data and Safety Monitoring Board. All patients provided written informed consent.
The primary inclusion criteria were adult men or nonpregnant, nonlactating women who had an Eastern Cooperative Oncology Group performance status of 0 to 2, with resectable primary or recurrent HNSCC who were undergoing head and neck surgery with the expectation of achieving clear tumor margins. The primary exclusion criteria were as follows: prothrombin time at least 1.5 times above the upper normal limit, porphyria or hypersensitivity to porphyrin or porphyrinlike compounds, platelet count of less than 100 ×10 3 /μL (to convert platelet count to ×10 9 /L, multiply by 1.0), alkaline phosphatase (hepatic) or aspartate aminotransferase level exceeding 3 times the upper normal limit, white blood cell count of less than 4000/μL (to convert white blood cell count to ×10 9 /L, multiply by 0.001), and impaired renal or hepatic function (total serum bilirubin level of >2.0 mg/dL and serum creatinine level of >2.0 mg/dL) (to convert bilirubin level to micromoles per liter, multiply by 17.104; to convert creatinine level to micromoles per liter, multiply by 88.4), as well as patients who had received chemotherapy, radiation therapy, or other biological therapy during the past 30 days. Eligibility was based on medical history, physical examination, laboratory test findings, and the results of endoscopy, electrocardiography, magnetic resonance imaging, and computed tomography with contrast (when needed). Stratification was not required, and all patients were added sequentially.
Statistical Analysis
The objectives of this phase 1 study were to evaluate the safety of this therapy and the tolerability of a range of laser light doses that has been shown to produce good clinical outcomes in other PDT studies. The sample size for this phase 1 trial was determined according to the basic design of phase 1 trials using a standard 3-3 dose escalation scheme. This design is a special case of the A + B design described by Lin and Shih. 19 The rationale behind the design is nested in the assumption that both the probabilities of toxic effects and efficacious response are continuous monotonic nondecreasing functions of the dose. The dose is escalated using cohorts of 3 patients until 2 or more dose-limiting toxic effects are observed at a dose level. At this point, escalation stops, and doses are deescalated until no more than 1 of 6 patients experiences a dose-limiting toxic effect. This level is then defined as the maximum tolerated dose. In this study, the laser light dose was escalated through multiple predefined levels, which were determined by analyzing the results obtained in previous studies 14, 20, 21 This phase 1 study did not have strict criteria for the treatment of tumor margins because the primary objective was the assessment of safety variables. In general, the treated field was proportional to the size of the surgical field. Mucosal margins were included in the illuminated field whenever they were within the surgical field, and nodal basins were treated after neck dissection.
The treatment field ranged from 2 to 14 cm in diameter. Neurovascular structures (carotid artery and cranial nerves) were not intentionally shielded from the laser light.
Patient Follow-up Care, Safety, and Outcome Measures All patients were instructed to avoid direct exposure to sunlight or bright incandescent light for at least 7 days after drug injection by wearing protective clothing and specific sunglasses provided by the RPCI Photodynamic Therapy Center. The patients were also asked to expose a small area of skin to sunlight for 10 minutes to determine any remaining photosensitivity after 8 days. All patients were monitored for systemic toxic effects at the time of HPPH administration, laser light treatment, and each follow-up visit. Definitions of criteria for safety were used (Common Toxicity Criteria, version 3.0; National Cancer Institute). The expected complications were grouped into HPPH related and PDT related. The expected drug-related adverse event (AE) was skin photosensitivity (erythema, edema, and necrosis), which could occur within 1 week of HPPH administration. The expected PDT complications were the same as the drug-related ones, as well as wound breakdown, fistula formation, and hemorrhage that could occur within 30 days of the laser light illumination.
Adverse events were documented as to onset and resolution date, classification of intensity, relationship to treatment, action taken, and patient outcome. Study follow-up visits occurred at 1 month, then every 3 months for 2 years, and every 6 months thereafter. All AEs were recorded using medical terminology codes (Medical Dictionary for Regulatory Activities; www.meddramsso.com).
Results
Tumor sites and staging are summarized in Table 1 . There were equal numbers of primary and recurrent tumors at early and advanced disease stages. Fifteen patients received the full course of treatment, and 1 patient received HPPH without intraoperative laser light because of an unrelated myocardial infarction.
The most frequent AEs at least possibly related to PDT were grade 1 to grade 2 edema (9 patients) and pain (3 patients). The edema was usual postoperative edema lasting 7 to 10 days. One patient had edema that lasted about 6 weeks. Postoperative pain lasted 2 to 4 weeks, as expected. One patient had a carcinoma of the facial skin with extensive intraparotid nodal metastases and facial nerve paralysis. After surgery, this individual developed facial chronic pain syndrome. A second patient had a salvage temporal bone resection neck dissection and free flap reconstruction for a recurrent squamous cell carcinoma of the external auditory canal. She was initially seen with deep-seated cephalgia, which worsened after surgery. Eventually, she developed recurrent disease with extensive perineural spread and died. We reported these 2 cases of atypical postoperative pain as AEs possibly related to the use of intraoperative HPPH-mediated PDT because these patients were enrolled in the study. Nevertheless, the pain could have been related to the recurrent cancer and the extensive ablative salvage operations. A summary of the AEs and the corresponding laser light doses and management is given in Table 2 .
One patient treated surgically for primary oral squamous cell carcinoma via marginal mandibulectomy and neck dissection developed an orocutaneous fistula and bone fracture at the marginal mandibulectomy site several weeks after surgery. This complication was treated by debriding the necrotic bone and closing the fistula using local advancement flaps. Another wound fistula occurred in an individual with recurrent laryngeal cancer previously treated with concurrent chemoradiotherapy. He underwent a total laryngectomy, bilateral neck dissection, and flap reconstruction. Phototoxicity reactions related to HPPH included a grade 2 photophobia and 2 skin burns. One skin burn was due to prolonged exposure to operating room spotlights, which healed completely by secondary intention without permanent wound contraction, and the other was a skin burn of a finger that was exposed to red light from a pulse oximeter for an extended period (Figure 2) .
Laser Light Dose
The AEs were unrelated to the level of the laser light dose. We observed no dose-limiting toxic effects in the range of laser light dose (30-75 J/cm 2 ) that was used in this study. The highest laser light dose used (75 J/cm 2 ) was found to be safe.
Clinical Outcomes
In this phase 1 trial, clinical outcomes have limited significance. Nevertheless, clinical follow-up visits at 48 months showed overall survival of 10 patients and progression-free survival of 7 patients. The median survival has not been established because 10 patients are alive to date.
Discussion
Effective management of HNSCC demands a multidisciplinary team approach, often involving the combination of surgery, radiation therapy, and chemotherapy. Recurrent disease at the site of the primary tumor continues to be a significant cause of treatment failure. Although these recurrences have been attributed to overexpression of specific oncogenes and to disease stage, it is well accepted that residual cancer cells that remain undetected by pathological examination will induce local recurrence and reduce survival. [24] [25] [26] [27] Therefore, there is a need for the development of intraoperative local adjuvant therapies, particularly for patients with advanced disease.
In this study, we report the use of HPPH-mediated PDT in patients with head and neck cancer, to our knowledge, for the first time to date. Traditionally, pain, treatment-related edema, and long-term phototoxic effects are the most common AEs associated with PDT. The HPPH induces limited and short-term (few days) phototoxic effects. 2 We observed no long-term pho- Right modified radical neck dissection, intraoperative PDT to the right neck, total laryngectomy, near-total pharyngectomy, pectoralis major myocutaneous flap, pharyngeal reconstruction after drug administration the highest drug and light doses elicited a response of only erythema, without edema. Therefore, it is reasonable to assume that the edema observed in the present study was related to the surgical procedure. The reported pain was controlled with standard postoperative medication, suggesting that HPPH-mediated PDT is well tolerated and safe. Another complication was a fistula that occurred after a salvage laryngectomy in an individual who had been previously treated with concurrent chemoradiotherapy for advanced laryngeal squamous cell carcinoma. Unfortunately, this complication is common in patients who are seen with local recurrence following chemoradiotherapy and undergo salvage surgery. 28 It is possible that PDT contributed to the development of a fistula in our patient, but it is unlikely that it was the sole cause. The second fistula developed as a result of necrotic mandibular bony sequestrum. This complication may have been related to PDT because the mandible was in the treated field.
In this study, we observed excellent secondary healing of skin burns in 2 patients due to phototoxic effects (Figure 2) . The good healing could be explained by the fact that HPPH is not retained in fibroblasts. 29 The PDT-induced damaged cells are replaced by native tissue that regains its normal functions, significantly limiting function loss and minimizing scar formation following PDT. This outcome is in agreement with other investigations reporting excellent skin healing following PDT with other drugs (such as temoporfin) for patients with HNSCC. 10 However, proper shielding of adjacent skin from operating room spotlights and during lengthy procedures is necessary to prevent skin phototoxic effects. In addition, pulse oximeter sensors should be moved every 15 to 20 minutes to prevent skin and nail damage. It has been postulated that PDT can also spare healthy vital structures such as nerves and major blood vessels. 30 Our results support this hypothesis for HPPH-mediated PDT. The carotid artery and cranial nerves were illuminated with the therapeutic laser light, but no injuries were observed to these vital structures. We hypothesize that this outcome resulted from low uptake of the photosensitizer in these critical regions.
The highest laser light dose used in our study was 75 J/cm 2 . This light dose has been found to be safe and effective in studies 22, 23 using porfimer sodium-mediated PDT for HN-SCC. This similarity can be explained by comparing the optical properties and doses of these 2 photosensitizers. The therapeutic dose of porfimer sodium is 2 mg/kg, and its laser light absorption coefficient is 3000 M times greater than that of porfimer sodium). Because the photodynamic dose equals the drug dose times the laser light dose, when keeping the laser light dose the same as that used with porfimer sodium, we would expect to deliver the same photodynamic dose with an HPPH dose of one-sixteenth of the porfimer sodium dose (ie, 4.0 mg/m 2 of HPPH).
Although of limited significance, the clinical outcomes of this study (overall survival of 10 patients and progression-free survival of 7 patients at 48 follow-up months) are in agreement with earlier clinical studies 13, 31 of intraoperative adjuvant porfimer sodium-mediated PDT for recurrent head and neck cancer after ablative surgery. One study 13 included 17 cases in which the entire tumor resection bed was exposed to PDT. Only 6 patients developed recurrent or metastatic disease, 2 inside the field of PDT and 4 outside the field of surgery or PDT, during a follow-up period of 66 to 97 months. The postoperative course of all patients was uncomplicated, and the duration of hospitalization and the total healing time did not change with the use of PDT compared with surgery alone. It was concluded that the addition of intraoperative PDT immediately after tumor resection may improve the cure rates of recurrent head and neck cancer by allowing larger tumor-free margins while preserving normal structures.
In conclusion, the results of this phase 1 study suggest that intraoperative adjuvant HPPH-mediated PDT is feasible and safe. Future phase 2 trials are needed to assess the efficacy of this novel treatment modality. 
